An obligatory anaerobic, Gram-stain-negative coccobacillus with black-pigmented colonies was isolated from the oral cavity of selected Australian marsupial species. Phenotypic and molecular criteria showed that this bacterium was a distinct species within the genus Porphyromonas, and was closely related to Porphyromonas gingivalis and Porphyromonas gulae. This putative novel species and P. gulae could be differentiated from P. gingivalis by catalase activity. Further characterization by multi-locus enzyme electrophoresis of glutamate dehydrogenase and malate dehydrogenase enzyme mobility and matrix-assisted laser desorption ionization time-of-flight MS showed that this putative novel species could be differentiated phenotypically from P. gingivalis and P. gulae. Definitive identification by 16S rRNA gene sequencing showed that this bacterium belonged to a unique monophyletic lineage, phylogenetically distinct from P. gingivalis (94.9 % similarity) and P. gulae (95.5 %). This also was supported by 16S-23S rRNA intergenic spacer region and glutamate dehydrogenase gene sequencing. A new species epithet, Porphyromonas loveana sp. nov., is proposed for this bacterium, with DSM 28520 T (=NCTC   13658  T =UQD444   T   =MRK101   T   ) , isolated from a musky rat kangaroo, as the type strain.
1993; Fournier et al., 2001; Mikkelsen et al., 2008) . P. gingivalis, isolated from the human oral cavity, was reported to be a key pathogen in human periodontal disease (Hajishengallis et al., 2012) , whereas P. gulae was reported to be the most relevant pathogen in feline periodontal disease (P erez- Salcedo et al., 2012) and has been isolated from gingivitis and mild periodontitis lesions in dogs (Davis et al., 2013) and a case of suppurative otitis and ascending meningoencephalitis in a captive Parma wallaby showing neurological signs (Giannitti et al., 2014) .
We have previously reported the isolation of P. gingivalislike bacteria from the oral cavity of six species of marsupial, namely brushtail possums (Trichosurus vulpecula), koalas (Phascolartctos cinereus), eastern grey kangaroos (Macropus giganteus), the musky rat kangaroo (Hypsiprymnodon moschatus), pretty-faced wallaby (Macropus parryi) and the red-necked wallaby (Macropus rufogriseus) (Bird et al., 2002) . Further phylogenetic characterization confirmed that some of these isolates represented a monophyletic lineage closely related to but distinct from P. gingivalis and P. gulae (Mikkelsen et al., 2008) . Whether these P. gingivalis-like isolates have a role in disease was not determined in these studies (Bird et al., 2002; Mikkelsen et al., 2008) . However, the frequency of isolation was increased in ageing koalas with signs of periodontal disease (Bird et al., 2002 ). In the current study, on the basis of more detailed phenotypic and genetic characterization, we propose that these isolates from the oral cavity of Australian marsupials represent a novel species, Porphyromonas loveana sp. nov., most closely related to P. gingivalis and P. gulae.
We reported that all isolates of the putative novel Porphyromonas species (P. loveana sp. nov.) were black-pigmented, strictly anaerobic, Gram-stain-negative, non-sporing coccobacilli that exhibited haemagglutination with sheep erythrocytes, no fluorescence under long-wavelength light and using special-potency antibiotic discs, an antibiogram phenotype profile of kanamycin (1000 µg) and colistin (10 µg) resistance, and vancomycin (5 µg) susceptibility (Bird et al., 2002) . Further, using a panel of fluorogenic 4-methylumbelliferyl-linked substrates (Maiden et al., 1996) , all had identical profiles, being positive for the enzymes b-D-galactosidase and Nacetyl-b-D-glucosamidase and for trypsin-like activity using benzoylarginine-7-amido-methylcoumarin, and negative for the enzymes a-L-arabinosidase, a-L-fucosidase, a-D-glucosidase and b-D-glucosidase (Bird et al., 2002) . In addition, using an API-ZYM system (bioM erieux) all the strains were positive for alkaline phosphatase, esterase (weakly positive), esterase lipase (weakly positive), trypsin, acid phosphatase (weakly to strongly positive), naphthol-AS-BI-phosphohydrolase (weakly positive) and N-acetyl-b-glucosaminidase, but negative for lipase, leucine arylamidase, chymotrypsin, a-glucosidase and a-fucosidase (Bird et al., 2002) .
Additional phenotypic testing was conducted using an API Rapid ID 32A kit (bioM erieux). Strains were revived from frozen stocks and grown on Wilkens Chalgren agar supplemented with 5 % sheep blood agar and incubated at 37 C for 4-7 days in a Coy anaerobic chamber (Bird et al., 2002) . To overcome problems with black pigmentation masking the colour reactions, colonies were cultivated in Wilkens Chalgren broth for 2-3 days, and cells were pelleted by centrifugation and resuspended in 3 ml distilled water to MacFarlane Standard 4 as per the manufacturer's instructions. Six strains of P. loveana sp. nov. representing isolates from each animal species were compared with the type strains of two of the most closely related Porphyromonas species, P. gulae ATCC 51700 T and P. gingivalis ATCC 33277 T . Other Porphyromonas species were included in the comparison (Table 1 ). All strains of P. loveana sp. nov., P. gulae ATCC 51700 T and P. gingivalis ATCC 33277 T were positive for the enzymes b-galactosidase, N-acetyl-b-glucosaminidase, alkaline phosphatase, arginine arylamidase, leucyl glycine arylamidase, pyroglutamic acid arylamidase, alanine arylamidase and glutamyl glutamic acid arylamidase, and positive for indole production, but negative for the enzymes urease, arginine dihydrolase, a-galactosidase, a-glucosidase, b-glucosidase, a-arabinosidase, b-glucuronidase, proline arylamidase, phenylalanine arylamidase, leucine arylamidase, tyrosine arylamidase, glutamic acid decarboxylase and a-fucosidase, and negative for mannose and raffinose fermentation.
In summary, based on these conventional biochemical tests, P. loveana sp. nov., P. gulae and P. gingivalis can be distinguished from other Porphyromonas species based on black pigmentation, lack of fluorescence under UV light, haemagglutination, positive enzymatic activity for b-galactosidase, N-acetyl-b-glucosamidase, glutamyl glutamic acid arylamidase and trypsin-like activity (Table 1 ). All isolates of both P. loveana sp. nov. and P. gulae were catalase-positive, differentiating them from P. gingivalis strains, which were catalase-negative (Table 1) . Therefore, the phenotype of P. loveana sp. nov. could not be distinguished from P. gulae by conventional biochemical testing.
To determine volatile fatty acid profiles, five isolates of P. loveana sp. nov., P. gingivalis ATCC 33277 T and P. gulae ATCC 51700 T were grown in peptone/yeast/glucose medium and analysed by GLC (Cottyn & Boucque, 1968; Ottenstein & Bartley, 1971; Playne, 1985) . All isolates showed the same major metabolic end products, which were acetic, propionic, butyric and isovaleric acids, with minor production of isobutyric, succinic and phenylacetic acids ( (DSMZ, Braunschweig, Germany) by the Sherlock Microbial Identification System using the TSBA40 method and MOORE6 Peak Naming Library (MIDI). Fatty acids were identified by equivalent chain-length and percentages of the total peak area were calculated. The major cellular fatty acids detected in the novel species were 12-methyltetradecanoic (anteiso-C 15 : 0 ; 14.12 %), 13-methyltetradecanoic (iso-C 15 : 0 ; 14.19 %), hexadecanoic (C 16 : 0 ; 23.59 %), 3-hydroxyhexadecanoic (C 16 : 0 3-OH; 11.29 %) and 3-hydroxy-15-methylhexadecanoic (iso-C 17 : 0 3-OH; 12.35 %) acids, the last-named belonging to summed feature 11 along with 1,1-dimethoxyoctadecenoic acid (C 18 : 2 DMA). The major cellular fatty acids were the same as for the closely related species P. gingivalis and P. gulae. However, differences in the relative percentages of cellular fatty acids in the three species were observed (Table 2) .
Respiratory quinones and polar lipids were extracted from freeze-dried biomass of P. loveana sp. nov. (Tindall, 1990a, b; Tindall et al., 2007) . The respiratory quinones were extracted first, followed by the polar lipids. Extraction and analyses were carried out by the Identification Service of the DSMZ and a trace amount of the quinone MK-9(H 4 ) was determined. The polar lipid profile was dominated by phosphatidylethanolamine, and also showed the presence of two lipids, an unknown polar lipid, two phospholipids and two aminophospholipids (of which one is suggested to be a phosphosphingolipid) (Fig. S1 , available in the online Supplementry Material). 
IND, indole; GGA, glutamyl glutamic acid arylamidase. ND, Not determined. #TRP, trypsin-like activity using fluorogenic substrate, benzoylarginine-7-amino-4-methylcoumarin. **Results of volatile fatty acids end point products (VFA): A, acetic acid; P, propionic acid; IB, isobutyric acid; B, butyric acid; IV, isovaleric acid; V, valeric acid; L, lactic acid; S, succinic acid; PA, phenylacetic acid. Upper-case letters indicate major metabolic products from peptone-yeast extract (PYG) and lower-case letters indicate minor products.
† †Porphyromonas species were not available for testing and phenotypic data were obtained from the following references: a, Summanen et al. (2005) ; b, Summanen et al. (2009); c, Hirasawa & Takada (1994) ; d, Willems & Collins (1995) ; e, Finegold et al. (2004) .
P. loveana sp. nov. (UQD 300 from a koala), P. gulae (VPB 3489 from a domestic cat) and P. gingivalis (ATCC 33277 T ) were subjected to multi-locus enzyme electrophoresis (MLEE) using a modified method (Selander et al., 1986) . Sonicated extracts were electrophoresed using Cellogels and stained for the specific enzymes (Richardson et al., 1986) (Fig. S2) . All strains contained glutamate dehydrogenase (GDH) and malate dehydrogenase (MDH). However, differences in mobility of GDH and MDH allowed for differentiation between the three species. For GDH, P. loveana sp. nov. showed the fastest migration, P. gingivalis the slowest, and P. gulae was intermediate between P. loveana sp. nov. and P. gulae. For MDH, P. loveana sp. nov. was again the fastest, P. gulae showed the slowest migration, and P. gingivalis was intermediate between P. loveana sp. nov. and P. gulae. Differentiation between these three species and other Porphyromonas species was shown using multilocus sequence typing. A population study of P. gingivalis by MLEE (Loos et al., 1993 ) was used to select housekeeping genes for which primer sets were designed to target genes in the (at that time) unfinished genome of P. gingivalis (Siyambalapitya, 2000) . In that study, P. gingivalis, and other porphyromonads (now known to represent P. gulae and P. loveana sp. nov.) were grown on Wilkens Chalgren agar supplemented with 5 % laked sheep blood and incubated anaerobically for 4 days at 37 C (Bird et al., 2002) . DNA was extracted from the isolates using an UltraClean Soil DNA isolation kit (MO BIO Industries) and a gradient PCR with annealing temperatures from 48 to 55 C was carried out to determine the optimal temperature for each primer set. The optimized housekeeping gene primer sets for glutamate dehydrogenase (gdh), D-alanine: D-alanine ligase (ddl), glyceraldehyde 3-phosphate dehydrogenase (gapdh), methylmalonyl-CoA mutase alpha-subunit (mut) and glucose 6-phosphate isomerase (g6pi) yielded a single product for P. gingivalis and P. gulae strains. Only the gdh gene primer set (gdhf 5¢-AAGCACCCCGGCGAAAGC and gdhr 5¢-CA-CACCCCAAGCAACGTT targeting 692 bp in P. gingivalis) yielded any product from P. loveana sp. nov. (13 strains) (Siyambalapitya, 2000) . In the present study, we sequenced and analysed the gdh housekeeping gene, which clearly discriminated P. loveana isolates from P. gingivalis, P. gulae and other Porphyromonas species (Fig. 1) .
Matrix-assisted laser desorption ionization time-of-flight MS (MALDI-TOF MS) was used to analyse the protein composition of P. loveana sp. nov. (DSM 28520 T ), P. gingivalis (ATCC 33277 T ) and P. gulae (ATCC 51700 T ). Bacteria were grown on Wilkens Chalgren agar supplemented with 5 % laked sheep blood and incubated anaerobically for 4 days at 37 C (Bird et al., 2002) and up to three colonies were suspended in 300 µl distilled water and 900 µl ethanol. Samples were then sent to Bruker Biosciences for MALDI-TOF MS analysis (Mellmann et al., 2008; Nagy et al., 2009) using the MALDI Biotyper (Maier & Kostrzewa, 2007 (Nagy et al., 2009 ) and non-fermenting bacteria to the species level (Mellmann et al., 2008) . This procedure will be applied more widely as the database is expanded to include more anaerobes (La Scola et al., 2011) .
The DNA G+C content of P. loveana sp. nov. (DSM 28520 T ) was determined by HPLC to be 50.2 mol%, (Identification Service, DSMZ; www.dsmz.de). As P. loveana sp. nov. and P. gulae strains were indistinguishable by standard phenotypic tests, the 16S rRNA gene sequences of P. loveana sp. nov., P. gingivalis and P. gulae were analysed (Mikkelsen et al., 2008) . The P. loveana sp. nov. 16S rRNA gene sequences were submitted to GenBank and the proposed type strain, DSM 28520 T , sequence is EU012300. We reported previously that the three species were divided into three monophyletic groups: Group 1, comprising the P. gingivalis isolates from humans; Group 2, comprising P. gulae isolates separated into three sub-clades (a, b and c); and Group 3, containing the novel marsupial isolates, P. loveana sp. nov. (Mikkelsen et al., 2008) . In recent studies, this grouping and structure was upheld (Bemis et al., 2011; Coil et al., 2015) . In our current study, 22 isolates of P. loveana sp. nov. and representatives of all described Porphyromonas species were subjected to 16S rRNA gene sequence phylogenetic analysis (Fig. S3) . This showed that the P. loveana sp. nov. isolates were well separated from P. gingivalis, P. gulae and other Porphyromonas species, confirming that the novel porphyromonad isolates from marsupials represent a distinct species, exemplified by the type strain DSM 28520 T , within the genus Porphyromonas (Fig. 2) .
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Porphyromonas canoris VPB 4878 T (KX398124) Fig. 1 . Neighbour-joining tree based on gdh gene sequence comparisons (Saitou & Nei, 1987) . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (2000 replicates) is shown next to the branches (Felsenstein, 1985) . Evolutionary distances were computed using the maximum composite likelihood method (Tamura et al., 2004) and are in units of the number of base substitutions per site. The analysis involved 13 nucleotide sequences with a total of 587 positions where all positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013) . Sequence accession numbers are given in parentheses and the type strains used for sequence determination are followed by a superscript 'T'. Bar, 0.5 substitutions per nucleotide position.
The average 16S rRNA gene sequence similarity between P. loveana sp. nov. and P. gingivalis was 94.9 %, between P. loveana sp. nov. and P. gulae was 95.5 %, and between P. gingivalis and P. gulae was 98.7 % (Mikkelsen et al., 2008) . Thus, based on the 16S rRNA gene sequence analysis, P. gulae is not a distinct species from P. gingivalis. However, delineation of two distinct species is supported by 16S-23S rRNA gene internal transcribed spacer (ITS) sequence analysis (Conrads et al., 2005) but not hsp60 gene sequence analysis (Sakamoto & Ohkuma, 2010) .
We determined 16S-23S rRNA gene ITS sequences for P. loveana sp. nov. and several other Porphyromonas species using the methods of Conrads et al. (2005) . A phylogenetic tree was reconstructed using our generated sequences and published Porphyromonas species sequences from GenBank, and confirmed that P. loveana sp. nov. forms a monophyletic group distinct from P. gingivalis and P. gulae (Fig. 3 ).
In conclusion, P. loveana sp. nov. and P. gulae can be distinguished from other porphyromonads based on a black pigment production, no UV fluorescence, catalase activity, haemagglutination of sheep red cells and positive trypsinlike activity. 16S rRNA gene, 16S-23S rRNA ITS or gdh gene sequence data and MALTI-TOF MS profiles are necessary and recommended for definitive identification of P. loveana sp. nov. These methods are now widely available in diagnostic microbiology laboratories.
Description of Porphyromonas loveana sp. nov.
Porphyromonas loveana (lo.ve.a¢na. N.L. fem. adj. loveana in honour of the late Australian veterinary microbiologist, Associate Professor Daria N. Love, for her contribution to the field of veterinary microbiology, in particular to our knowledge of pigmented anaerobic Gram-negative rods isolated from animals).
Cells are non-motile, non-spore-forming cocco-bacillusshaped Gram-stain-negative rods. Obligately anaerobic. Vitamin K 1 and haemin are required for growth. Colonies incubated at 37 C on Wilkens Chalgren agar with laked sheep blood for 2 days are small ( 0.5-1.0 mm), circular, entire, convex, opaque and grey. Colonies after 3 days of growth produce brown-black central pigmented colonies and become black-pigmented, with a clear translucent edge, after 4-7 days. Enhancement and early pigment production can be obtained by the use of a feeder strain of Staphylococcus species. Colonies exhibit no fluorescence under long-wavelength light, are catalase-positive and agglutinate sheep erythrocytes. The major metabolic end-products from PYG metabolism are acetic, propionic, isobutyric, butyric and isovaleric acids. Positive enzyme activity using fluorogenic 4-methylumbelliferyl-linked (4MU) substrates of b-D-galactosidase and N-acetyl-b-D-glucosamidase, and trypsin-like activity using the substrate benzoylarginine-7-amido-methylcoumarin. No activity is observed for a-L-arabinopyranosidase, a-L-fucosidase, a-D-glucosidase or b-D-glucosidase. Enzyme activity using the API-ZYM system can be demonstrated for alkaline phosphatase, esterase, esterase lipase, trypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase and N-acetyl-b-glucosaminidase but negative results for lipase, leucine arylamidase, chymotrypsin, b-glucosidase and a-fucosidase. With the API Rapid ID32 system, positive for b-galactosidase, N-acetyl-b-glucosaminidase, indole, alkaline phosphatase, arginine arylamidase, leucyl glycine arylamidase, pyroglutamic acid arylamidase, alanine arylamidase and glutamyl glutamic acid arylamidase, but negative for urease, arginine dihydrolase, a-galactosidase, a-glucosidase, b-glucosidase, a-arabinosidase, b-glucuronidase, proline arylamidase, phenylalanine arylamidase, leucine arylamidase, tyrosine arylamidase, glutamic acid decarboxylase, a-fucosidase and mannose, and raffinose fermentation and indole production. The major cellular fatty acids are 12-methyltetradecanoic acid, 13-methyltetradecanoic acid, hexadecanoic acid, 3-hydroxyhexadecanoic acid and 3-hydroxy-15-methylhexadecanoic acid. Trace amounts of the respiratory quinone MK-9(H 4 ) are detectable. The predominant polar lipid is phosphatidylethanolamine; two lipids, one unidentified polar lipid, two phospholipids and two aminophospholipids (with one being a phosphosphingolipid) are also present. MLEE of GDH and MDH, and MALDI-TOF MS profiles distinguish the species from P. gingivalis and P. gulae.
The type strain, DSM 28520 T (=NCTC 13658   T   =UQD444  T =  MRK101 T ), was isolated from a musky rat kangaroo (Hypsiprymnodon moschatus). 1 00 0.1 Fig. 3 . Neighbour-joining tree based on 16S-23S rRNA IST region sequence comparisons with parameters identical to that given for Fig. 1 . This analysis involved 20 nucleotide sequences with a total of 363 positions. Sequence accession numbers are given in parentheses and the type strains used for sequence determination are followed by a superscript 'T'. Bar, 0.1 substitutions per nucleotide position.
